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Abstract: Femtosecond time-resolved spectroscopy using 400 nm-pump and 800 nm-probe in 
CVD-grown multilayer graphene provides strong evidence for isotropic distribution of 
photoexcited carrier after initial relaxation. Indicative of such isotropic distribution is a pump 
polarization independence of differential reflectivity (R/R) and transmittance (T/T) from 
pump-probe measurements. Combined with results using 800 nm-pump in [arXiv. 1301.1743v3 
(2013)], these pump polarization dependences of time-resolved spectroscopy corroborates the 
evolution of photo-excited carrier distribution from anisotropic to isotropic with carrier relaxation. 
And, the absorbance of graphene is identical for in-plane and out-of-plane optical fields. No 
matter the carrier distribution in momentum space, the influence of carrier on in-plane and 
out-of-plane optical fields from state filling effect is identical. The sign reversing of ps dynamics 
signal in graphene/graphite should not directly relate to carrier. 
 
1. Introduction 
The optical response of graphene, including absorption and photoemission, greatly relates to the 
photo-excited carrier and carrier relaxation1, 2. In recent years, the study on optical response and 
carrier dynamics of graphene has received much attention3-30. This 2D material exhibits unique 
optical properties of interest to the scientist, which make it an important candidate for various 
electronic and optical applications. Despite substantial progress, the carrier dynamics make 
physicist fell confused for long time and arise lots of controversy31, especially for the carrier 
cooling process. 
Based on the anisotropic optical absorption cross sections of carbon nanotube formed by rolling 
up an graphene sheet32, the anisotropic optical absorption of graphene could be deduced. However, 
there has been no experimental study on the anisotropic optical reponse of graphene to verify this 
deduction. Prior optical measurements have been conducted with normal incident light10, 13, or 
isotropic optical properties have been regarded for graphene with oblique incident beam33, 34. 
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Malic et al stated from microscopic approach based on a many-particle density-matrix framework 
that carrier distribution is anisotropic in momentum space after generation and the distribution 
could become isotropic with carrier relaxation. Sun et al obtained similar conclusion based on 
theoretical simulation by solving microscopic kinetic Bloch equation23. However, the 
time-resolved optical pump-probe measurement predicted from the theoretical works contradicts 
experimental results using normal light as probe beam11, 26. In addition, the influence of carrier on 
optical field of out-of-graphene plane (i.e., c axis) is not known. 
In this work, we present a time-resolved R/R and T/T measurements using pump excitation at 
400 nm and probe radiation at 800 nm in CVD-grown multilayer graphene, with particular focus 
on the polarization dependence and the influence of wave vector of probe beam on the 
experimental signal. Remarkable probe polarization and wave vector dependence of experimental 
signal indicates the origin of sign reversing of ps dynamics signal should not directly relate to 
carriers. 
The most striking observation-the pump polarization independence of experimental 
signal-indicates that the optical absorbance of graphene is identical for in-plane and out-of-plane 
optical fields. This and a comparison with experiments under 800 nm light pumping in Ref. [35] 
provide solid evidence for carrier distribution from anisotropic after generation to isotropic after 
enough relaxation, as recently predicted by simulation in Refs. [23, 28, 29]. In the other hand, the 
experiments demonstrate that the absorbance for in-plane and out-of-plane optical fields are 
isotropic. To our knowledge, this work presents the first experimental verification of anisotropy of 
photo-excited carrier distribution and isotropic photon absorption. Because of limitations of 
theoretical ability of authors, this paper unfortunately cannot provide a full understanding of 
physical mechanism of the evolution of carrier distribution in graphene.  
 
The paper is organized as follows: In section 2, the experimental arrangement and measurement 
system are described. In section 3, the experiment results under 400 nm light pumping is presented, 
including polarization and pump fluence dependence for the cases of TIR and nTIR. The main part 
of the work is presented in section 4, where we investigate in detail the evolution of photo-excited 
carrier distribution, signal origin and physical mechanism for the case of TIR. The conclusions is 
given in section 5. 
 
2. Experiment 
The sample was that used in [35]. The CVD multilayer graphene (Graphene Supermarket) was 
transferred to the inclined plane of a BK 7 right-angle prism. The procedure for sample 
preparation is as in [36]. Experiments were performed in ultra-clean room (T=20 C, RH-relative 
humidity=40%). For time-resolved pump-probe measurements, the measurement system was the 
same as [37] except the pump beam. The 400 nm-light pump beam (FWHM=23030 fs) was 
obtained from a BBO crystal+BG39 filter combination. For both probe and pump beams, the 
pump fluence and polarization were varied by a corresponding /2-Glan Talyor prism-/2 
combination. The arrangements are shown in Fig. 1. the absorbance of graphene for normal 
incident light at 800 nm and 400 nm is 2.3% and 4.14%, respectively12, 38. 
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Fig. 1. Experimental setups and definition of polarization of beams. 
 
3. Experimental results 
3.1. TIR 
Under s-polarized light pumping, the measured time-resolved differential reflectivity as a function 
of delay time is shown in Fig. 2a. The pump-induced change of reflectivity around 0 delay time 
depends on probe polarization and is positive for all polarized probe beam. The peak value of 
R/R is largest for s-polarized probe beam, and could be decreased to minimum with altering 
probe polarization to p-polarized (Fig. 2b). 
R/R signal decreases immediately after optical excitation. The sign reversal of the pump-probe 
signal is found for probe beam with polarization of =0, 10 and 30. And, the delay time of sign 
reversal increases with probe polarization from S to P. Clearly, the R/R signal of ps dynamics 
(i.e., the signal with ps decay time, the carrier cooling process) changes greatly with probe 
polarization. The R/R value at 0.83 delay time increases with probe polarization from negative 
for S to positive for P (Fig. 2b). Corresponding, the decay time of ps dynamics signal changes 
greatly with probe polarization (Fig. 2c). 
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Fig.2. ΔR/R measurement for different polarized probe beam for the case of TIR. (a) The ΔR/R 
measurement for probe beam with different polarization under pump fluence of 0.045 mJ/cm2. (b) 
The probe polarization dependences of the peak ΔR/R value and ΔR/R value at 0.83 ps delay time. 
(c) The decay time of ps dynamics against probe polarization. 
 
Under 400 nm light pumping, the pump-probe signal is pump polarization independent (Fig. 3). 
The peak ΔR/R value around 0 delay time is linear dependent on pump fluence no matter the 
probe and pump polarizations. However, when the probe beam is s-polarized, the valley value of 
ΔR/R decreases with pump fluence at low energy, and then saturated with further increasing pump 
fluence (Fig. 4). 
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Fig. 3. The R/R measurements under different polarized light pumping beam. (a) probe beam is 
p-polarized, (b) probe beam is s-polarized. 
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Fig. 4. (a,b,c,d) Linear dependence of the maximum differential reflectivity R/R on pump 
fluence for different pump-probe combination, the solid line indicates linear fit. (e,f) The 
dependence of minimum differential reflectivity R/R value around 1 ps delay time on pump 
fluence. 
 
As shown in Fig. 5, the peak value of ΔR/R is extremely low compared with the valley value of ps 
dynamics at pump fluence of 7.6 J/cm2. With pump fluence increasing, both the peak value and 
valley value increase. Similar dependence of time scan signal on pump fluence has been observed 
by Malard et al in the transient optical conductivity measurement using pump excitation at 400 nm 
and probe radiation12. In their measurement, both the pump and probe beams were normally 
focused onto the freely suspended graphene with a 40 objective, the photon-induced 
transmittance was measured and used to extract transient optical conductivity. Malard et al stated 
from theoretical calculation that the peak signal around 0 delay time originates from inter-band 
transition and the valley signal at ps dynamics from intra-band transition12. 
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Fig. 5. The differential reflectivity R/R measurement under low pump fluence. 
 
Compared with the experimental results under 800 nm light pumping in [35], the most noticeable 
difference is the pump polarization independence of R/R. 
 
3.2. nTIR: probed with reflected light 
Figure 6a shows the time-resolved differential reflectivity R/R. The measured signal changes 
with probe polarization. The measured R/R is positive from s-polarized light probe and negative 
for p-polarized probe beam. For probe beam with polarization of =68, the measured R/R signal 
is negligible. As shown in Fig. 6b, the peak value of R/R could be continuously altered from 
maximum for s-polarized probe beam to minimum for p-polarized beam. Compared with the case 
of TIR, no sign reversal in the pump-probe signal is observed. The pump polarization dependence 
for R/R has not been observed as shown in Fig. 7. The decay time of ps dynamics is probe 
polarization independent (Fig. 6c). In addition, the R/R signal is linear dependence on pump 
fluence (Fig. 8) for both s- and p-polarized probe beams. 
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Fig. 6. Probe polarization dependent measurement of ΔR/R for nTIR. (a) The ΔR/R for different 
polarized probe beam under s-polarized light pumping with fluence of 0.079 mJ/cm2. (b) The 
probe polarization dependences of the peak/valley (ΔR/R)|0, (c) the probe polarization 
dependent-decay time of ps dynamics signal. 
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Fig. 7. The differential reflectivity R/R time scan for different polarized pump beam. 
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Fig. 8. Linear dependence of peak R/R|0 on pump fluence for different pump-probe polarization 
combination, solid lines are from linear fits. 
 
3.3. nTIR: probed with transmitted light 
When the carrier dynamics of graphene was probed with transmitted light, both the measured 
differential transmittance T/T and transmittance change T are probe polarization dependent 
(Fig. 9). The peak value T/T and T around 0 delay time are largest for s-polarized probe beam 
and smallest for p-polarized probe beam (Figs. 9 and 10). The parameters from fitting are listed in 
the figure. When the reflected light was used as probe beam, no measured signal was observed for 
probe beam with =68. However, for probe beam with this polarization, the measured signal is 
positive. 
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Fig. 9. Polarization dependent ΔT/T and ΔT under pump fluence of 0.079 mJ/cm2 for nTIR. The 
ΔT/T (a) and transmittance change ΔT (b) for different polarized probe beam when the pump 
beam is s-polarized.  
 
As expected, The T/T signal is pump polarization independent (Figs. 10 and 11). And the peak 
value of T/T around 0 delay time depends linearly on pump fluence for both s- and p-polarized 
pump beams (Fig. 12). 
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Fig. 10. The peak value of ΔT/T against probe polarization under s- and p-polarized light 
pumping. 
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Fig. 11. The differential reflectivity T/T under different polarized light pumping. (a) Probe beam 
is p-polarized, (b) probe beam is s-polarized. 
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Fig. 12. Linear pump fluence dependence of the peak T/T|0 for different pump-probe polarization 
combination, solid lines are from linear fits. 
 
For the three types of probe beam, the signal is probe polarization dependent and pump 
polarization independent, which is quite different from the case of 800 nm light pumping in [35].  
4. Discussions 
We start our discussion with a brief overview of photo-excited carrier dynamics processes in 
graphene. During radiation with pump beam, the pump beam excites electrons from valence band 
to conduction band, as shown in Fig. 13. In energy regime, the generated hot carrier keeps the 
distribution of the pump pulse intensity (Fig. 18a) and this distribution ( )n E  is not stable29. The 
photo-excited carrier distribution is transforms from athermal to quasie-quilibrium via 
carrier-carrier (c-c) scattering and carrier-optical phonon (c-op) scattering processes, and 
establishe separate Fermi-Dirac quasi-equilibrium distributions with a high temperature T  for 
electrons in the conduction and holes in the valence band4, 5. This procedure is generally called 
carrier thermalization. After thermalization, these hot carriers are still with high energy (i.e., high 
T  in Fermi-Dirac distribution). Following, these hot carriers relax from high energy state to low 
energy state through carrier-phonon (c-p) scattering (including optical phonon and acoustic 
phonon), the temperature T  used to describe the Fermi-Dirac distribution of hot carrier 
decreases with carrier relaxation, this procedure is called carrier cooling29. After carrier cooling, 
carriers lose most energy and reach the energy state near Dirac K(K’). At last, electron and hole 
recombine through Dirac point and get to the equilibrium5. Carrier diffusion12, carrier 
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multiplication39, population inversion26 and Auger electron generation27 may accompany with 
carrier relaxation. 
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Fig. 13. Schematics of ultrafast optical interband excitations and carrier relaxation. (a) with pump beam at 
800 nm, (b) with pump beam at 400 nm. 
 
As we know, the photon absorption of graphene should meet the requirement of energy and 
momentum conservations. In graphene, the optical absorption is dominated by intraband 
transitions at low photon energies (in the far-infrared spectral range) and by interband transitions 
at higher energies (from mid-infrared to ultraviolet). The intraband and interband transitions in 
graphene can be modified by doping40. The photo-excited carriers could be regarded as transient 
doping at corresponding energy state, furthermore, affecting the intraband and interband 
transitions of graphene.  
In time-resolved pump-probe measurement, the absorption of probe beam was reduced by the 
carriers at the energy state of half of probe photon due to Pauling blocking14. The carriers are from 
the excitation of pump beam (Fig. 13). In degenerate pump-probe measurement, the carriers at 
half of probe photon energy state is without undergoing relaxation; in nondegenerate pump-probe 
measurement, the carriers at half of probe photon energy state have experienced relaxation. The 
absorption change of probe beam directly relates to the carrier population at the corresponding 
energy state. Therefore, information about carrier population could be achieved from the 
absorption change of probe beam with corresponding photon energy. Therefore, photo-induced 
transient absorption (pump-probe) experiment is good method to monitor carrier population and 
its evolution. And, not matter the polarization and wave vector of probe beam the probe beam does 
not change the carrier dynamics process. In measurements, the electric field components 
in-graphene plane and out-of-graphene plane are adjusted when the polarization and wave vector 
of beams are changed. So, the polarization characteristic of graphene ultrafast optical response 
reflects the anisotropic interaction between optical field and photo-excited carriers. 
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Fig. 14. (a) pump fluence dependence of R/R signal at delay time of 0.8 ps. (b) pump 
polarization dependence of R/R time scan curves. 
 
First, we analyze the dependence of signal on pump polarization. Owing to the photo-induced 
signal is from one photon absorption process, the signal is proportional to the carrier population. 
This dependence has been verified in degenerate pump-probe measurements. In our nondegenerate 
pump-probe measurement (pump@400 nm here), the probe beam monitors the carriers after 
thermalization. At this case, the linear dependence of photo-induced signal on pump fluence has 
been observed as shown in Figs. 4a-d, 8 and 12. It means that the carrier multiplication at so high 
energy state has not taken place. In other words, the carrier amount does not change during initial 
relaxation. And, the contribution of intra-band absorption to absorption change of probe beam 
could be eliminated. 
The pump polarization independence of signal reflects that the carrier population at probe photon 
energy state should be the same for each polarized pump beam. Furthermore, the photo-excited 
carrier amount is identical for each polarized pump beam due to carrier population conservation 
during initial relaxation. So, the photon absorption coefficient of graphene at 400 nm is identical 
for ab- and c-optical field components.  
In [35], we find that the pump-probe signal greatly depends on pump polarization in degenerate 
pump-probe measurement (Figs. 2b, 2d, 3d and 3e). However, the signal with pump polarization 
dependence is the signal around 0 delay time, i.e., the periods of carrier generation and 
thermalization. Contrary, the signal of ps dynamics is pump polarization independent (Figs. 
14-16). 
In addition, the signal of ps dynamics, which reflects the carrier population after thermalization at 
state of half of pump photon energy in degenerate pump-probe measurement, is nearly linear 
dependent on pump fluence. As we know, the pump fluence could linearly determines the amount 
of photo-excited carrier at relatively low pump fluence no matter the polarization of pump beam. 
Thus, the amount of carrier generated by different polarized pump beam should be identical 
because ps dynamics signal is pump polarization independent. So, the photon absorption 
coefficient of graphene at 800 nm is identical for ab- and c-optical field components too. 
Based on the broadband optical absorption coefficient of graphene and band structure of 
graphene38, 40, the conclusion of identical absorption for ab- and c-optical field components in 
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graphene could be predicted. 
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Fig. 15. (a) pump fluence dependence of T/T signal at delay time of 0.8 ps. (b) pump 
polarization denpendence of T/T time scan curves. 
 
Since amount of carrier induced by different polarized pump beam is the same, the pump 
polarization dependence of signal around 0 delay time should not originate from anisotropy of 
photon absorption. It should be from anisotropic distribution of carrier for different polarized 
pump beam. Thus, we can conclude that the distribution of photo-excited carrier is anisotropic and 
relates to the polarization of excitation light.  
Based on above analysis, the carrier distribution after an optical excitation and the pump 
polarization characteristics of pump-probe signal could be understood as: 
1) Different polarized pump beam generates identical amount of photo-excited carrier, but the 
carrier distribution is anisotropic for different polarized pump beam. So, the R/R and T/T 
at 0 delay time is pump polarization dependent in degenerate pump-probe measurement. 
2) Immediately after optical excitation, the carriers relax via c-c and c-p scattering from the 
state of half of pump photon energy with re-distributing carrier, as shown in Figs. 13 and 18. 
During this thermalization process, the anisotropy of carrier distribution loses with carrier 
relaxation. The carriers at the energy state of half of pump photon not only become isotropic 
but also decrease with relaxation. So, the pump polarization dependence of signal around 0 
delay time decreases with carrier relaxation, as shown in Figs. 14b, 15b and 16b. 
3) In the carrier cooling process, the carrier distribution has been completely isotropic at every 
energy state. Accordingly, the ps dynamics signal is without pump polarization dependence 
(Figs. 14b, 15b and 16b). For the case of 400 nm light pumping, the probe beam monitors the 
carrier relaxed from high energy state. When the carriers reach the state of half of probe 
photon energy, the carrier distribution has been isotropic. So, the pump polarization 
characteristic has nerve been observed in our non-degenerate pump-probe measurements. 
 
According to Malic et al’s work, c-p scattering is responsible for the anisotropy vanishing during 
carrier relaxation. And, about 50 fs is needed for the relaxation of initial non-equilibrium carrier 
distribution from highly anisotropic to completely isotropic28. 
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Fig. 16. (a) pump fluence dependence of R/R signal at delay time of 0.8 ps for the case of TIR, 
pump beam is at 800 nm. (b) pump polarization denpendence of R/R time scan curves for 
p-polarized probe beam. 
4.2. Signal probed with total internal reflected light 
Let us turn to the case of TIR under 800 nm light pumping , as expected, the signal around 0 delay 
time depends greatly on pump polarization, and the pump polarization independence has been also 
observed for ps dynamics signal (Fig. 2d in [35] and Fig. 15 here). The evolution of carrier 
distribution from anisotropic to isotropic is confirmed again. 
 
Based on above discussion and experiments, it is well known that: 
(1) for the case of 400 nm light pumping, the whole signal through the scan time is from isotropic 
distributed carrier. As shown above, under 400 nm light pumping, the peak R/R|0 is linearly 
dependent on pump fluence. And, when the probe beam is s-polarized, the pump fluence 
dependence of the valley value of ps dynamics signal is identical to that under 800 nm light 
pumping. At low pump fluence, the valley signal enhances with pump fluence. At high pump 
fluence, the valley signal is nearly saturated. 
 
(2) for the case of 800 nm light pumping, the signal around 0 delay time is from carrier with 
anisotropic distribution, the ps dynamics signal is from carrier with isotropic distribution. The 
linear dependence of peak value of signal around 0 delay time is maintained no matter the 
polarizations of pump and probe beam (Fig. S3 therein), but it is not available for ps dynamics 
signal. The ps dynamics signal probed with s-polarized reflected light is not linearly dependent on 
pump fluence (Figs. S3e and S3f therein). But, the ps dynamics signal linearly depends on pump 
fluence when the probe beam is p-polarized (Fig. 16a). 
Since the carrier distributions for the signal of around 0 delay time pumped with 400 nm light and 
ps dynamcis signal pumped with 800 nm light are isotropic, the different pump fluence 
dependence of the signal from s-polarized probe beam indicates that the carrier distribution cloud 
not be the origin of the valley signal. 
Owing to the ps dynamics signal from p-polarized total internal reflected beam is positive, the 
physical mechanism of the negative R/R signal under total internal reflected beam should be 
different from that of negative R/R signal from p-polarized non-total internal reflected beam. 
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Ruzicka et al have studied the carrier dynamics of single-layer CVD graphene using spatially and 
temporally resolved pump-probe spectroscopy. The experiment shows that the sign reversal of the 
ps dynamics signal relates to the measured position with respected to pumping area. As we know, 
the Goos–Hänchen shift41-43 is considerable for total internal reflected light (in the order of 
wavelength). But, the Goos–Hänchen shift is much smaller than beam waist of probe beam in our 
measurements. The observed probe polarization dependence of sign reversal in ps dynamics signal 
could not originate from Goos–Hänchen shift. The reasons are as follows: 
(1) the Goos–Hänchen shift difference between s- and p-polarized beam is much smaller than the 
wavelength for the total internal reflected probe beam in the measurements (<0.1 probe), and is 
much smaller than the length which is needed (>1 m) for observing ps dynamics signal from sign 
reversing to sign keeping (Fig. 2 in Ref. [13]). 
(2) If the sign difference of ps dynamics signal between s- and p-polarized probe beam is really 
caused by Goos–Hänchen shift difference between s- and p-polarized beam. The changing of ps 
dynamics signal from s- to p-polarized should be similar to the changing of signal around 0 delay 
time. As shown in Ref. [35], when the pump beam is s-polarized, the signal around 0 delay time 
increases with probe polarization changing from P to S, and the signal keeps positive. The ps 
dynamics signal is positive for p-polarized probe beam. If the probe polarization dependence of 
signal is really caused by Goos–Hänchen shift, the ps dynamics signal should increases with probe 
polarization from P to S and keeps positive, which is opposite to the experimental result. 
(3) The measurement has been performed under different degree of overlapping between probe 
and pump beams, the ps dynamics signal is always positive for p-polarized probe beam and 
negative for s-polarized probe beam. The movement of pump beam with respected to probe beam 
could not change the sign of ps dynamics signal, as shown in Fig. 16. 
 
So, the observed probe polarization dependence of ps dynamics signal is not similar to that 
reported by Ruzicka et al and not caused by Goos–Hänchen shift. It is should be directly related to 
intrinsic optical response of graphene to total internal reflected light.  
 
As we know, the valley signal from s-polarized probe beam is not proportional to the pump 
fluence under the two types of pump beam (800 and 400 nm). However, the peak value around 0 
delay time linearly depends on pump fluence. It means that another sign origin besides Pauling 
blocking in ps dynamics signal should not directly relate to carrier. 
4.3. isotropic ultrafast optical response 
Now, we turn to the probe polarization dependence of pump-probe signal. As shown in Figs. 2, 6 
and 9, the differential transmittance T/T and reflectivity R/R signal greatly depends on probe 
polarization in the whole scan time. The probe polarization dependence of signal could be well 
explained with Maxwell’s equation [44], which means the influence of photo-excited carrier on 
optical field of probe beam is identical. i.e., the ultrafast optical response is isotropic in graphene. 
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Fig. 17. Normalized differential signal for different polarized probe beam. Pump beam is 
s-polarized light at wavelength of 400 nm. (a) the normalized R/R from Fig. 6, (b) normalized 
T/T from from Fig. 9, (c) comparison of normalized signal from different probing ways. Figures 
(a) and (b) share the same legend. 
 
For the case of nTIR, as shown in Figs. 17-19, the normalized differential signal is identical no 
matter the probe polarization, and probe beams (reflected light or transmitted light). Furthermore, 
the delay time of ps dynamics signal is identical. It is reasonable, since the carrier dynamics of 
graphene is not modified by probe polarization. 
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Fig. 18. Normalized differential signal for different polarized probe beam for the case of nTIR. 
Pump beam is at wavelength of 800 nm. (a) and (b) are probed with transmitted light with p- and 
s-polarized pump beam, respectively, the two figures share the same legend. 
. (c) and (d) are probed with reflected light, the two figures share the same legend. 
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Fig. 19. comparison of normalized signal with different probing way under 800 nm light pumping. 
(a) pump beam is p-polarized, (b) pump beam is s-polarized. The two figures share the same 
legend. 
 
5. Conclusions 
Our experiment has provided the first direct evidence of evolution of carrier distribution from 
anisotropic to isotropic. The absorption coefficient for optical field in-graphene plane and 
out-of-graphene plane is identical. Although the carrier initial distribution of photoexcited carrier 
is anisotropic, the influences of photo-excited carrier on optical fields in-graphene plane and 
out-of-graphene plane are identical. The sign reversing in ps dynamics signal should not directly 
relate to carrier, may be related by the structure change of graphene sheet. In addition, the 
measurement with sign reversing in ps dynamics signal does not reflects the intrinsic carrier 
dynamics of graphene. 
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Note added in proof.—A similar study of the carrier distribution in graphene has 
recently been posted by Mittendorff et al. [45]. 
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